Surface deposited layers of mesoporous silica particles could function as support for bio-sensing or drug release applications. It is crucial to control the surface deposition process and employ relevant techniques to characterize the properties of the particles on the surface. Here, we deposit SBA-15 particles on native silica or cationic surfaces and characterize the hydration and dehydration by employing a novel method based on humidity scanning quartz crystal microbalance with dissipation (HS QCM-D). SBA-15 platelets are deposited with mesopores oriented parallel to the surface normal using drop deposition. SEM shows a monolayer on the surface, which is established as stable. Water sorption-desorption isotherms of the SBA-15 layer from HS QCM-D are compared with isotherms from water sorption calorimetry and nitrogen sorption on bulk material. We demonstrate that HS QCM-D provides results in good agreement with results obtained with the reference methods. The properties of SBA-15 particles are retained during the deposition process and unaffected by the presence of the surface. In addition, HS QCM-D is a fast technique that requires significantly lower amount of material (~5000 times) compared to experiments on bulk material. HS QCM-D provides complete characterization of the pore size distribution of SBA-15.
Introduction
Mesoporous silica has attracted much attention due to its wide range of potential applications, e.g. in drug delivery and for biosensors [1e3] . The high surface area and pore volume of mesoporous silica materials make them attractive for such purposes. One of the most well-known and studied mesoporous silica material is SBA-15, first synthesized by Zhao et al. [4] . SBA-15 consists of 2D-hexagonally ordered primary mesopores that are interconnected with unordered intrawall pores and also contain occasional plugs [5] . The size distribution of the intrawall pores ranges from micro-(<2 nm) to mesosize (2e50 nm) [6] . Much progress has been made in understanding and controlling the properties of SBA-15 regarding particle size and morphology [7e10], micro-and mesoporosity [3, 6, 11, 12] , as well as the surface properties [11, 13] .
In this work we investigate the properties of SBA-15 mesoporous particles deposited on a surface, as compared to the material in bulk. By producing thin layers of mesoporous SBA-15 particles it is possible to introduce functionalities onto the surface, such as tunable surface porosity with different physicochemical properties. For example, SBA-15 layers can be an excellent support for immobilization of enzymes in the pores [14] , or as a scaffold for enhanced surface adsorption of vesicles or molecules for drug loading and release applications [3, 15, 16] . Moreover, surface deposited SBA-15 particles can be used in applications for gas sensing, for instance in the construction of highly sensitive formaldehyde sensors [17] . Hence, many applications can benefit from having mesoporous material deposited onto a substrate. However, it has been a challenge to obtain such a layer of SBA-15 with mesopores oriented perpendicular to the surface, i.e. with pores parallel to the surface normal. For example, when a mesoporous film is grown during synthesis directly on the surface it is possible to obtain a homogeneous monolayer, but the pores are running parallel to the surface and are thus not accessible [18] . Recently, Kjellman et al. [3] reported an orientation specific deposition method of plate-like mesoporous SBA-15 particles onto surfaces by using a drop deposition technique in an environment with controlled humidity. This method allows easy and fast preparation of an uniformly covered layer of SBA-15 particles with the pores oriented perpendicular to the surface [3] .
Porous materials are usually characterized by sorptiondesorption isotherms of gases (especially nitrogen) with bulk samples, from which it is possible to determine the surface area, pore volume and pore size distribution [19] . Herein, we employ a novel method based on humidity scanning quartz crystal microbalance with dissipation monitoring (HS QCM-D) [20, 21] to study water sorption-desorption of surface-deposited SBA-15 particles. Hydration of mesoporous MCM-41 and SBA-15 silica in bulk has previously been investigated by water sorption calorimetry [13, 22, 23] . However, to the best of our knowledge hydration and dehydration of SBA-15 particles deposited on a surface has not been studied. In the present study, we have successfully deposited platelike mesoporous SBA-15 particles on quartz sensors with either silica or cationic surfaces [3] . After deposition of the mesoporous silica particles on the sensors, we used HS QCM-D [21] , which allows continuous measurement of the amount of water adsorbed to, or desorbed from, the surface layer during hydration or dehydration, respectively. From the water sorption-desorption isotherms obtained with HS QCM-D it is possible to analyze the pore size distribution of the SBA-15 particles, as demonstrated in the present study.
The content of the paper is arranged according to the following: firstly, we discuss the characterization of the SBA-15 bulk material by nitrogen sorption-desorption and small angle X-ray scattering (SAXS) measurements; secondly, we discuss the investigation of the hydration of SBA-15 bulk material by water sorption calorimetry; finally, we consider the deposition of SBA-15 particles on native silica and cationic surfaces investigated by scanning electron microscopy (SEM) and HS QCM-D. This allows us to compare the HS QCM-D results from the deposited layer of SBA-15 with the corresponding nitrogen and water sorption calorimetry data from the bulk powder of SBA-15. We demonstrate that the HS QCM-D method provides high-resolution sorptiondesorption isotherms in short time using very small amounts of material, as compared to methods performed with significantly larger bulk samples. The water sorption isotherms from the two different methods show good agreement. Moreover, a clear hysteresis is observed between the sorption and desorption isotherms for both nitrogen and water. The pore size distributions, obtained from the desorption branches of nitrogen and water isotherms show an excellent agreement. Taken together, the present results demonstrate that the properties of SBA-15 particles deposited on a surface retain the characteristics of the bulk material. In addition we demonstrate that HS QCM-D is a suitable method for characterizing surface deposits of mesoporous silica particles.
Experimental methods

SBA-15 bulk material
SBA-15 particles were synthesized following the protocol published by Linton and Alfredsson [7] . The calcined material was examined with SAXS ( Fig. S1 , SI), SEM and nitrogen sorptiondesorption, and showed the typical and expected features for the 2D hexagonal mesoporous SBA-15 particles. The same batch of SBA-15 was used in all experiments.
Water sorption calorimetry
Samples investigated by water sorption calorimetry were prepared according to three different protocols. In all cases the samples were dried at room temperature in vacuum in the presence of 3 Å molecular sieves prior to the sorption calorimetric measurements. The sample corresponding to the initial experiment consisted of calcined SBA-15. Following the sorption calorimetry experiment, the sample was collected, dried and reused for a second calorimetry experiment; this sample is referred to as hydroxylated SBA-15. Finally, the hydroxylated sample was collected and subjected to sonication (Starsonic, Liarre Elettronica, Italy). A few drops of water were added to the sample which was then sonicated for 4 h before it was left for solvent evaporation in a desiccator with silica gel. This sample is referred to as sonicated SBA-15.
Water sorption calorimetry was used to study the effect of hydration on the properties of SBA-15 in bulk. This method allows simultaneously measuring the water activity a w and the partial molar enthalpy of mixing of water H mix w of the studied systems [24] . The sorption calorimetric experiments were performed at 25 C in a 28 mm two-chamber calorimetric cell inserted in a double-twin microcalorimeter [25] . The dry sample was placed in the upper (sorption) chamber and pure water was injected in the lower (vaporization) chamber. Evaporated water diffuses through the tube, which connects the upper and lower chambers of the calorimetric cell, and is absorbed by the sample. The activity of water is calculated from the thermal power of evaporated water registered in the vaporization chamber [26] . The partial molar enthalpy of mixing of water is calculated from the thermal powers registered in the vaporization and the sorption chambers [27] . The obtained raw data were evaluated using MATLAB ® .
Deposition of SBA-15 layers
The SBA-15 layers were prepared by the protocol published by Kjellman et al. [3] . Briefly, a drop of SBA-15 aqueous dispersion was deposited and left for solvent evaporation in room temperature at a fixed relative humidity of RH ¼ 97% (controlled with saturated aqueous K 2 SO 4 solution [28] ). After solvent evaporation, and prior to the QCM-D measurements, the deposited SBA-15 layer was dried in vacuum at room temperature in contact with 3 Å molecular sieves. The SBA-15 particle concentration of the aqueous dispersions used for drop deposition was either 0.025 wt% or 0.25 wt%, both prepared from an aqueous stock dispersion of 5.12 wt%. In all cases, ultra-high quality (UHQ) water was used. Before dilution, the stock solution was stirred for roughly 24 h and sonicated for 4 h. It should be noted that the mesoporous structure of the material is unaffected after sonication of the dispersion [3] . Prior to drop deposition, the dispersions were manually shaken to avoid sedimentation of the particles. The SBA-15 particles were deposited on AT-cut SiO 2 sensors (QSX 303, 5 MHz) purchased from Biolin Scientific AB (Sweden). Before deposition, the silica sensors were cleaned with water and ethanol, dried in a flow of nitrogen gas, and finally plasma treated for 10 min in low-pressure residual air (Plasma Cleaner PDC-3XG, Harrick Scientific Corp). Both unmodified silica sensors, and sensors that were silanized with cationic APTES (purchased from Fluka), were used in the experiments. The APTES modified sensors were prepared by liquid phase silanization [29] . In brief, cleaned SiO 2 sensors were incubated in anhydrous toluene with 2% 3-aminopropyltriethoxy silane in a nitrogen atmosphere for 2 h. Afterwards, the sensors were sonicated in toluene, then in 1:1 toluene/ethanol mixture, and finally in ethanol for 5 min each. The cationic (APTES-modified) sensors were stored in 99% ethanol.
HS QCM-D
Humidity scanning quartz crystal microbalance with dissipation (HS QCM-D) was used to study the hydration of SBA-15 layers [20, 21] . The system consisted of a Q-sense QCM-D E4 combined with the humidity module QHM 401 (Biolin Scientific AB, Sweden). QCM-D is an ultrasensitive technique for mass determination of materials adsorbed on a piezoelectric quartz sensor according to the methodology described by Sauerbrey [30] . The QCM-D method is widely employed due to its capacity to provide additional information on the viscoelastic properties of the adsorbed material via the dissipation [31] . The technique monitors the frequency of the oscillating shear motion of a quartz crystal, which is stimulated by an applied potential. The resonance frequency (f ) gives information on the adsorbed mass on the quartz crystal sensor. If the material mass is small relative to the mass of the quartz crystal and the material forms a homogeneous rigid film on the sensor, the Sauerbrey equation can be used to calculate the areal mass of the film (m f ):
where Df =n is the frequency shift normalized per overtone, f 0 is the fundamental frequency and Z f is the acoustic impedance of quartz [30] . However, the frequency data corresponding to the SBA-15 coated sensors were associated with deviations between the overtones and thus poorly described by the Sauerbrey equation. In fact, Df =n showed overtone dependence according to the viscoelastic film in air model [32] . This is likely due to the fact that the SBA-15 layer was not homogeneously distributed over the quartz sensor (cf. Fig. 3 ) and therefore associated with surface roughness. According to the viscoelastic film in air model, the total mass of the coated sensor can be obtained from Df =n by extrapolating the frequency shift to the zeroth overtone, as described in detail elsewhere [20, 21, 33] . The formal thickness of the SBA-15 layer was estimated from the areal mass according to d ¼ m f =r part , where the density of the deposited SBA-15 particles was determined to r part ¼ 0:8 g=cm 3 (see section S1 in SI). It should be noted that the drop covered the complete area of the quartz sensor in the deposition process. Thus, all calculations are done using the whole sensor surface area, equal to 1.54 cm 2 . The HS QCM-D method is explained in detail elsewhere [21] . Briefly, in a typical humidity scanning experiment, the frequency corresponding to the uncoated sensor was measured in dry N 2 atmosphere at 25 C (i.e. 0% RH). Next, the sensor was coated with SBA-15 particles and reinserted in the humidity module for determination of the dry mass of the SBA-15 layer in dry N 2 atmosphere. Then a LiCl solution with continuously decreasing concentration was pumped (Ismatec peristaltic pump, IPC-N4 ® ) through the humidity module, which contains a Gore ® membrane that separates the sensor from the humidity controlled environment. The flow rate of the LiCl solution was set to either 50 or 100 ml/min to achieve appropriate scan rates of the RH. The sorption experiments started at 11.3% RH and ended in the high RHrange (above approximately 95% RH). After completing the sorption experiment, the SBA-15 system was dehydrated by scanning the humidity in the opposite direction (i.e. desorption mode).
SEM
Micrographs of the SBA-15 samples were recorded using a JEOL JSM-6700 microscope operating at 10 kV. Each surface was attached to the sample holder and sputter coated with Au/Pd alloy to reduce charging in the electron beam.
SAXS
Prior to the hydration study, freshly calcined material was characterized using a GANESHA SAXS system (SAXSLAB, Denmark). The SBA-15 powder was filled in the quartz capillaries and sealed with wax. SAXS was done with a configuration yielding a q-range of 0.06e0.26 Å
À1
. The unit-cell parameter, a 0, was determined from the first order (10) peak position.
Nitrogen sorption
Nitrogen sorption at 77 K was performed with a Micromeritics Tristar II 3020 apparatus, Norcross, GA, USA. Prior to the nitrogen sorption measurements SBA-15 was degassed at 400 C for 16 h.
Results and discussion
Characterization of SBA-15 bulk material
We start by investigating the properties of the bulk material by SEM, SAXS, nitrogen sorption-desorption, and water sorption calorimetry. The morphology was characterized with SEM and the particles have the following approximate dimensions: height of 300 nm and width of 1 mm. The X-ray diffraction pattern (Fig. S1, SI) demonstrates the typical 2D hexagonal structure of SBA-15 defined by plane group p6m with unit-cell parameter a 0 ¼ 10.2 nm. Fig. 1 shows the nitrogen sorption-desorption and water sorption isotherms of SBA-15. The nitrogen data exhibit a clear type IV behavior with H1 hysteresis loop. Water sorption experiments provide information about the adsorbed water content (mass of water per dry mass) as a function of the water activity (a w ¼ p=p 0 ) or RH (RH% ¼ a w Â 100). The water sorption isotherm includes four distinguishable regimes. Regime I corresponds to the adsorption of water molecules on the silica surface of both intrawall pores and the main mesopores. Regime II corresponds to the capillary condensation into the smaller pores and this feature of the isotherm is typical for mesoporous materials containing intrawall pores, such as SBA-15. With water sorption calorimetry these pores can, in contrast to nitrogen sorption, be directly detected as seen by comparing the water and nitrogen sorption isotherms in Fig. 1a . The reason for this is that the adsorbed nitrogen film is much thicker as compared to the adsorbed water film, at similar relative pressures [23] . In other words, the thick nitrogen film, adsorbed at low relative pressures, minimizes the free volume of the intrawall pores and thus prevents detection of intrawall capillary condensation in this regime. Such a striking difference between adsorbed amounts of nitrogen and water on a silica surface shows that water, as an adsorptive, provides complementary information [23] . Capillary condensation in the primary mesopores gives rise to the steep step of regime III. Regime IV corresponds to post-capillary condensation uptake of water. These distinct regimes are typical for water sorption isotherms of calcined SBA-15 bulk samples, and in agreement with previously published studies [11, 13] . Based on the results in Fig. 1a it is possible to characterize the porosity and internal surface properties of mesoporous materials [11, 13, 22] . The pore size distribution (PSD) was calculated from the nitrogen sorptiondesorption isotherms with the BJH (BarreteJoynereHalenda) equation [34] and presented in Fig. 1b . The BJH method was also used for calculation of the pore size distribution from the water sorption data according to previously published studies [11, 13] . In these calculations, the values of the contact angle (q ¼ 28 ) and thickness of the adsorbed water layer (t ¼ 0.72 Å) were taken from previous studies of SBA-15 [11, 23] . The PSD calculation using data obtained in different methods is summarized in Table 1 .
It should be noted that Fig. 1b shows that the PSD from water sorption features not only the peak corresponding to the main mesoporous channels, but also a less defined peak in the range between 0.5 and 5 nm with a maximum around 2 nm that corresponds to intrawall pores. As previously suggested, the broadness of the peak is likely a reflection of both distribution of pore widths and pore lengths [23] . This feature is not observed in the PSD from the nitrogen sorption-desorption data illustrating the complementarity of the two methods. The surface area was evaluated from the nitrogen sorption-desorption data according to the BET (BrunauereEmmetteTeller) model [35] giving an area of 791 m 2 /g, while the total volume of the micro-and mesopores was estimated to 0.83 cm 3 /g at P/P 0 ¼ 0.99.
The deposition of SBA-15 by drop-coating is performed with a sonicated aqueous dispersion of the particles. In other words, the surface deposited silica particles have been exposed to conditions where hydroxylation is expected. Therefore, three bulk SBA-15 samples with different sample history were investigated: calcined, hydroxylated and sonicated. The resulting water sorption isotherms are presented in Fig. 2 showing clear differences between the shapes of the isotherms. The main difference is that the isotherms corresponding to the hydroxylated and sonicated samples only have three regimes -regime II is not distinguishable (Fig. 2 , compare blue and red curves to the black one). This is explained by the fact that the hydroxylated and sonicated samples have a higher degree of hydrophilic silanol groups as compared to the calcined SBA-15 sample, which is rather hydrophobic due to a high degree of siloxane groups [23] . In other words, the silica surface is chemically modified by formation of silanol groups when exposed to water, which has been observed in previous studies on both MCM-41 and SBA-15 [23] . Hence, the sorption of water molecules at low water activities is less for the calcined, as compared to the hydroxylated and sonicated samples. This conclusion is further supported by the data on the enthalpy of mixing of water ( Fig. S3 in  SI) , where it is shown that the enthalpy of hydration of both hydroxylated and sonicated samples at low water contents is more negative as compared to the calcined sample. In a similar calorimetric study of hydration of SBA-15 it was shown that the heat effect is more exothermic for surfaces with higher coverage of hydroxyl groups [13] . Thus, exposure to water increases the number of OH-groups, which represent energetically favorable sorption sites on the SBA-15 surface, leading to larger exothermic effect in the initial hydration stage. In addition, in the regime prior to the capillary condensation of the mesopores (at a w z 0.6) the calcined sample contains more water as compared to the hydroxylated and sonicated samples. This difference is also due to a higher number of silanol groups of the latter samples, which decrease the volume of intrawall pores available for water adsorption. Fig. 2 also demonstrates that the sorption isotherms of three bulk samples show the presence of a pronounced capillary condensation profile (cf. regime III in Fig. 1a ), observed at almost the same water activity levels, about a w ¼ 0.7, with approximately the same length in terms of water content, for all three samples. This observation demonstrates that the mesoporous structure of the materials is preserved after multiple exposures to water treatment. In addition, the water content in the region after the capillary condensation process (cf. regime IV in Fig. 1a) is lower for the hydroxylated and sonicated samples as compared to the calcined SBA-15 sample. In fact, there is a clear trend showing that the water content, after the capillary condensation occurred, decreases each time the sample was exposed to conditions where hydroxylation is expected. This decrease in water content at high water activity can be explained, firstly, by an increased mass of the silica skeleton as one water molecule has been added per hydroxylation reaction (water content ¼ m water =m drySBA15 ) and, secondly, due to decreased pore volume approximately by the volume of one water molecule per hydroxylation reaction [22] . Both effects are expected to result in decreased water content of the hydroxylated and sonicated SBA-15 samples, and expected to be most clearly seen in the post capillary condensation regime. The pore size distributions, calculated from the water sorption isotherms (Fig. 2) for all three samples are presented in Fig. S2 in SI, showing good agreement with nitrogen sorption data (cf. Table 1) and with previous water sorption calorimetry studies on SBA-15 [11, 13] . All three PSD curves show a main peak centered around 6 nm, which corresponds to the main mesopores. The additional peak from intrawall pores, centered around 2 nm in the PSD corresponding to the calcined sample, is attenuated and shifted toward lower pore values for the hydroxylated sample, while it is not discernable for the sonicated sample. This observation implies that the hydroxylation mainly affects the intrawall pores and is in line with the water sorption data, where the regime of capillary condensation into intrawall pores (regime II) is less apparent for hydroxylated and sonicated samples (Fig. 2) . This implies that the hydroxylation process has larger effect in the smaller pores. In other words, the relative decrease in diameter is more pronounced for the intrawall pores, while the properties of the main mesopores are less influenced by hydroxylation.
SBA-15 layer
The platelet particles were drop deposited on surfaces from aqueous dispersions and characterized by SEM after solvent evaporation. Fig. 3 shows the SEM images of deposits on native SiO 2 ( Fig. 3aec) and SiO 2 modified with cationic APTES (Fig. 3d) . In both cases, the images demonstrate that SBA-15 platelets are packed predominantly as a monolayer with the mesopores oriented parallel to the surface normal. However, a minority of the particles is in aggregates and randomly distributed. Their existence can be explained by the presence of aggregates in the original dispersion, which remained after sonication. However, sonication for longer duration significantly reduces their presence [3] . Fig. 3a shows that the particle distribution on the native SiO 2 surface is denser on the edge, in the so-called "coffee stain" ring [36] , and that the SBA-15 platelets form a close-packed monolayer in this region as seen in Fig 3b. The same effect of denser particle distribution in the area of the coffee stain ring is also observed for the particles deposited on the cationic surface; however, the coffee stain ring consists of unordered packing (Fig. S4, SI) . It is also observed that the distribution of SBA-15 particles inside the coffee stain ring on the native SiO 2 surface (Fig. 3c) is inhomogeneous and irregular, consistent with a stick-slip behavior of the particles during the evaporation [3] resulting in patches of a close-packed monolayer of oriented particles.
In the case of the SBA-15 layer on a cationic surface, a more homogeneous coverage is observed, however the particles are not aligned to the same extent (Fig. 3d) . Such a difference in the coverage on different surfaces can be explained by the electrostatic interaction between the particle and the modified surface, and it is in agreement with a recently published study [3] . Nonetheless, the hydration of the SBA-15 layer, deposited on native SiO 2 or cationic surfaces, is unaffected by such differences in surface coverage, which is discussed further below.
The stability of the deposited particles on the surface was investigated by subjecting the surfaces to different treatments (Fig. S5, SI) . Both type of surfaces were exposed to a nitrogen gas stream or dipped into pure water or sodium chloride solutions. SEM micrographs show that the deposited particles are not affected by the different treatments, and that they remain intact on both types of surfaces.
Hydration of SBA-15 layer
The hydration of the surface deposited SBA-15 platelets was studied using HS QCM-D. Water sorption-desorption isotherms are obtained by continuously scanning the water activity, while the frequency shift corresponding to the water mass uptake is simultaneously measured. The results are presented in Fig. 4 showing water sorption and desorption isotherms of SBA-15 obtained by HS QCM-D. All isotherms are calculated by correcting for baseline drift (see Fig. S6 , SI), which is important to consider in the case of long experiments as presented here. The isotherms display the expected type IV behavior with H1 hysteresis loop. However, we note that other studies of water sorption-desorption of mesoporous silica materials report type V isotherms [37e40]. The presence of hysteresis between the sorption and desorption branches is typical for mesoporous silica and commonly associated with the occurrence of capillary condensation. The H1 hysteresis loop observed for SBA-15 is usually explained by delayed condensation during the metastable sorption branch, while pore evaporation during desorption occurs by a receding meniscus and thus reflects equilibrium conditions [41] .
We will now give more detailed information on the sorption characteristics of the SBA-15 layer adsorbed on the native SiO 2 surface (Fig. 4) . The formal thickness of the layer was calculated to 67 nm, which is considerably lower than the actual height of platelets that was determined to about 300 nm from SEM measurements. This reflects that the SBA-15 particles do not cover the complete sensor (cf. Fig. 3 ). The desorption isotherms (dashed curves) for the three scans are in good agreement. However, the onset of the capillary condensation for the sorption isotherm obtained in the third scan (solid green curve) is slightly shifted to a lower water activity level as compared to the other sorption isotherms. Potentially, this observation may be explained by the fact that this particular experimental cycle was started directly after the 2nd sorption-desorption cycle. In other words, the surface deposited SBA-15 particles were only dried by flowing N 2 gas (0% RH) through the humidity module in the 3rd experimental cycle, whereas the 1st and 2nd cycles (and all other experiments) started with SBA-15 samples that had been dried in vacuum with molecular sieves just prior to the measurement. Vacuum provides more efficient drying due to faster transport of water molecules from the pores, which may lead to partial dehydroxylation. This difference could have led to slightly smaller pores in the case of nitrogen drying that results in a capillary condensation at a lower water activity. Indeed, the PSD (see Fig. S9 ) corresponding to this sorption isotherm has its maximum at approximately 6 nm, which is about 1 nm less compared to the PSDs from the other sorption isotherms, in support for this line of argument. Nevertheless, the water sorption-desorption isotherms of SBA-15 layer are in general reproducible as proven by the similar results from several experimental cycles where the surface has been taken out and then reinserted in the module. Therefore a good stability of the surface deposited mesoporous material can be concluded.
In order to compare the hydration properties of SBA-15 in bulk and on a surface, the results obtained with HS QCM-D are compared with the sorption calorimetry data on the corresponding SBA-15 bulk material (Fig. 4, black curve) . To accurately compare the results obtained by the two different methods, the samples should have the same history. In the QCM-D experiment, the particles were dispersed in water and sonicated before drop-coated onto the sensor. Therefore the sorption calorimetry isotherm of the sonicated sample (same curve as in Fig. 2 ) is shown for comparison in Fig. 4 . QCM-D sorption isotherms and the isotherm of the sonicated bulk sample all show the three distinguishable regimes (regime I, III and IV). It is clear from Fig. 4 that the regime of capillary condensation into intrawall pores (regime II) cannot be discerned, which is expected as the materials have been subjected to water (see discussion above). The capillary condensations into mesopores of SBA-15 bulk material and SBA-15 on the surface take place in the same water activity range as shown by the sorption traces. This observation demonstrates that the results from the two different methods are in good agreement and that the hydration properties of a monolayer of SBA-15 particles on a surface remain similar as compared to those in bulk. However, the sorption characteristic differs slightly at high water contents during the regime of post-capillary condensation (regime IV). The reason for this difference is not clear, but it may be related to the change of frequency due to differences in clamping of the quartz crystal in the QCM-D module after mounting and remounting the sensor.
Control experiments were performed to confirm that the kinetics of the water uptake was independent of the water activity . In experiment 1 (blue curves) a flow rate of 100 ml/min was used, while 50 ml/min was used in experiment 2 and 3 (red and green curves). The water sorption isotherm from the sonicated SBA-15 bulk sample, obtained by sorption calorimetry, is included for comparison (solid black curve). Water content is in mass of water per mass of dry silica. Abbreviations: S e sorption, D e desorption, C e calorimetry, Q e QCM-D. Numbers indicate experiment replicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) scan rate during the sorption process. This was achieved by changing the flow rate of the solution that dilutes or concentrates the LiCl solution during sorption or desorption, respectively [21] . The control experiments were performed with the following flow rates: 7, 25, 50 and 100 ml/min (see Fig. S7 in SI) . The sorption isotherms corresponding to the experiments with varying water activity scan rates (and different coating protocols) are presented in Fig. S8 . In general, all sorption isotherms are in agreement demonstrating that the water sorption is unaffected by the water activity scan rate. In other words, the hydration process of SBA-15 can be considered to occur close to equilibrium conditions. Moreover, it is shown that water sorption isotherms for native SiO 2 and cationic surfaces are very similar and are in agreement (Fig. S8) . This demonstrates that hydration of the SBA-15 layer is unaffected by the differences in surface coverage (compare the different coverage shown in Fig. 3) .
The PSDs corresponding to the 1st experimental cycle in Fig. 4 is shown in Fig. 5 together with the PSDs based on the nitrogen sorption-desorption data and the water sorption isotherm of the sonicated sample (see Fig. S9 for the PSDs corresponding to all experimental cycles). The results in Fig. 5 show that there is excellent agreement between the PSD from the nitrogen desorption data as compared to the PSD corresponding to the water desorption data obtained with HS QCM-D. In fact, all three different desorption isotherms obtained with HS QCM-D are in very good agreement (Fig. S9) .
Finally, it should be emphasized that in the HS QCM-D experiments much smaller amount of SBA-15 material was used as compared to the sorption calorimetry experiment. For example, the mass of the deposited SBA-15 sample used in the experiments shown in Fig. 4 was 8.3 mg, which is significantly lower as compared to the mass used in sorption calorimetry (approximately 5000 times, see S1 in SI). The hydration of SBA-15 studied by the two different methods shows the same characteristics, hence demonstrating that a very low amount of this material is sufficient to obtain reproducible water sorption isotherms. Moreover, the HS QCM-D technique allows faster performance of hydration and dehydration of the studied system in comparison to the sorption calorimetry. For instance, HS QCM-D is a fast technique with an experimental time of few hours, as compared to sorption calorimetry that usually have experimental time in days. In addition we conclude that the characteristics of the particles are retained during the deposition and that the surface properties do not influence the sorption properties of the SBA-15 material. We believe that these novel findings illustrate that surface deposited mesoporous SBA-15 particles can be utilized for different purposes, such as bio-sensing or controlled release applications.
Conclusions
In this work we deposit SBA-15 platelets on surfaces by a simple drop deposition method, achieving a stable monolayer of particles with freely accessible mesopores oriented perpendicular to the surface. The properties of SBA-15 layer are characterized by studying the effect of hydration and dehydration on deposits employing a novel HS QCM-D method, and the results are compared with results from sorption calorimetry and nitrogen sorption-desorption on bulk samples. We demonstrate that the SBA-15 particles have very similar properties irrespective of being in bulk or deposited as a monolayer on a surface. In other words, the properties of SBA-15 layer are preserved during deposition and unaffected by the type of supporting surface. Furthermore, the pore size distributions from the water sorption-desorption isotherms of the surface deposited SBA-15 layer, obtained in HS QCM-D, are in a good agreement with the corresponding pore size distributions obtained with bulk methods.
Taken together, we conclude that HS QCM-D can be used to efficiently characterize surface deposited SBA-15 particles from water sorption-desorption isotherms with significantly lower amount of material as compared to bulk methods. In a similar manner, we suggest that HS QCM-D can be advantageously utilized in the development of various applications that may benefit from having mesoporous material deposited onto a surface.
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